Pma1-10 is a mutant plasma membrane ATPase defective at the restrictive temperature in stability at the cell surface. At 37°C, Pma1-10 is ubiquitinated and internalized from the plasma membrane for degradation in the vacuole. YVH1, encoding a tyrosine phosphatase, is a mutant suppressor of pma1-10; in the absence of Yvh1, Pma1-10 remains stable at the plasma membrane, thereby permitting cells to grow. The RING finger domain of Yvh1, but not its phosphatase domain, is required for removal of mutant Pma1-10 from the plasma membrane. Yvh1 is a novel ribosome assembly factor: in yvh1∆ cells, free 60S and 80S ribosomal subunits are decreased, free 40S subunits are increased, and half-mer polysomes are accumulated. Pma1-10 is also stabilized by deletion of 60S ribosomal proteins Rpl19 and Rpl35. We propose that changes in ribosome biogenesis caused by loss of Yvh1 or specific ribosomal proteins have effects on the plasma membrane, perhaps by producing specific translational changes.
INTRODUCTION
The ribosome is a macromolecular assembly of 4 ribosomal RNAs and >80 different proteins. In eukaryotes, the ribosome is composed of a small 40S subunit and a large 60S subunit that perform the two critical activities of decoding messenger RNA and forming peptide bonds during translation. Ribosomes appear to play an even larger role than simply linking amino acids according to the genetic code. Ribosomes may influence post-translational events because ribosome-associated chaperones affect the folding of nascent polypeptides (ALBANESE et al. 2006; ITO 2005) . Moreover, recent evidence supports a model in which differences in ribosomal protein and RNA composition, and modification of ribosomal protein and RNA produces heterogeneous ribosomes, differentially affecting translation of specific mRNAs (KOMILI et al. 2007; MAURO and EDELMAN 2002) . In eukaryotic cells, the elaborate process of ribosome production begins in the nucleolus, continues in the nucleoplasm and cytoplasm, and is overseen by a growing list of up to 200 factors (HENRAS et al. 2008; WARNER 1989) .
We have been interested in post-translational sorting mechanisms in the secretory pathway in Saccharomyces cerevisiae. These mechanisms are reflected in the disparate behavior of several different mutants of the polytopic membrane protein, Pma1. Many conformationally-defective Pma1 mutants are recognized by an endoplasmic reticulum (ER) quality control mechanism shortly after synthesis and sent for ER-associated degradation (ERAD) (HAN et al. 2007; NAKAMOTO et al. 1998) . By contrast, other misfolded Pma1 mutants escape detection by ER quality control and are sent via vesicular transport into the secretory pathway (PIZZIRUSSO and CHANG 2004) . One such mutant, Pma1-10, is delivered properly to the plasma membrane but fails to remain stable at the cell surface like wild-type Pma1. Instead, Pma1-10 is ubiquitinated and undergoes rapid endocytosis from the plasma membrane followed by vacuolar degradation (GONG and CHANG 2001) . Because Pma1 activity at the cell surface is essential for growth (SERRANO et al. 1986 ), Pma1-10 is a temperature-sensitive mutant.
After detailed analysis of the behavior of Pma1-10 (GONG and CHANG 2001) , we reasoned that genetic selection for mutant suppressors of pma1-10 cells should reveal factors involved in recognition of misfolded protein at the cell surface. Indeed, loss of function in Yvh1, a tyrosine phosphatase, allows Pma1-10 to escape ubiquitination and remain stable at the plasma membrane . Here, we report the unexpected finding that Yvh1 is a novel ribosome assembly factor. We suggest an effect of Yvh1 on ribosome composition and /or function may affect protein translation leading to profound consequences at the plasma membrane.
MATERIALS AND METHODS

Yeast strains and media
KKX103-2B and 2D are pma1-10 yvh1 strains derived from the original suppressor of pma1-10 isolated following insertional mutagenesis using a library generated by random insertions of LEU2 and lacZ; KKX15-1B (MATa yvh1::LEU2) was generated by backcross of KKX103-3B to L3852 (MATα his3∆200 lys2∆201 leu2-3,112 ura3-52 ade2) . KKY55, 56, and 58 are yvh1 (KKX15-1B) cells with pKK78, pKK21, and pKK87, respectively, integrated at the ura3 locus. rpl19a::LEU2 isolated as a suppressor of pma1-10 was backcrossed with L3852 to generate KKX28. Most deletion strains used in this study are from the systematic deletion project in the BY4741 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) or BY4742 (MATα his3∆1 leu2∆0 lys2∆0 ura3∆0) background; these strains include: rpl19a∆, rpl35a∆, rpl24a∆, rps25a∆, slx9∆ and yvh1∆. The deletion strains were confirmed by PCR.
Molecular biology
pKK5 and pKK7 are URA3-marked (pRS316) and LEU2-marked (pRS315) centromeric plasmids (pRS316) bearing MET25-HA-pma1-10, respectively, as described . pKK26 is a HIS3-marked centromeric plasmid (pRS313) bearing MET25-HA-PMA1-10. pKK42 is a LEU2-marked centromeric plasmid (pRS315) bearing MET3-HA-pma1-10, described in . pAB7 and pAB100 with HA-tagged YVH1 expressed from its own promoter in a centromeric plasmid and a YEp24 plasmid, respectively (BEESER and COOPER 1999) , are gifts from T. Cooper (University of Tennessee). pBS-yvh1C117S is a gift from S. Harashima (Okasa University, Japan).
pKK21 is a URA3-marked YIp (pRS306) bearing HA-tagged YVH1; it was constructed by placing the 2.2 kb XbaI-XbaI fragment from pAB7 into pRS316. pKK27 is a URA3-marked 2µ plasmid bearing HA-yvh1-C117S; it was constructed by using SacI-KpnI to move the insert from pBS-yvh1C117S to pRS202. pKK78 is a URA3-marked YIp (pRS306) bearing HA-tagged yvh1 C-terminal fragment from residues 204-364; it was constructed by using oligos 385 (CATAAGAGCGTAGTCTGGGACG) and 386 (TCTGGAATGTTTAAAGATTCGGAG) to amplify the Yvh1 C-terminal fragment and vector backbone from pAB7, and the XbaI-XbaI insert was then moved to pRS316. pKK87 is a URA3-marked YIp (pRS306) bearing HA-tagged yvh1-C232A; it was constructed by using oligos 357 (CACCGCAGTGAGAGCTAAGAAGTGCAG) and 358 (CTGCACTTCTTAGCTCTCACTGCGGTG) to introduce the C232A mutation into pAB7 and then the 2.2 kb XbaI-XbaI insert was placed into pRS316. pKK103 is a URA3-marked YIp (pRS306) bearing pma1-4D2E/A changes, as described in . pKK109 is a LEU2-marked centromeric plasmid bearing pma1-4D2E/A changes under the control of its native promoter, as described in . URA3 YIp plasmids were integrated at the chromosomal ura3 locus after cutting with NcoI. pRPL25-GFP is URA3-marked centromeric plasmid, described in (GADAL et al. 2001) , (gift from Ed Hurt, Biochemie-Zentrum, Heidelberg, Germany).
Pulse-chase, protein induction, and Western blot
Conditions to depress HA-Pma1-10 or HA-Pma1-4D2E using MET25 or MET3 promoters are identical. In some strains, repression of the MET3 promoter is superior to the MET25 promoter; however, in this study, there is no difference between the two promoters. Cell were grown to exponential phase in minimal medium with 600 µM methionine. Cells were de-repressed by washing with water and resuspending in fresh methionine-free medium for 2h. Cells were chased by adding 2 mM methionine. To examine Pma1-10 stability, cells were grown at 25°C before derepression, and then shifted to 37°C. To examine Pma1-4D2E stability, cells were shifted to 30°C after derepression.
For Western blot, cell lysate was prepared by vortexing cells with glass beads as described previously (CHANG and SLAYMAN 1991) . Samples were normalized to protein content measured by Bradford assay. For blotting with anti-ubiquitin antibody (Zymed Laboratories), nitrocellulose filters were autoclaved as described (SWERDLOW et al. 1986 ).
Fluorescence microscopy
Cells expressing GFP-tagged Rpl25 were fixed with ethanol for 30s, washed with distilled H 2 O and stained with DAPI at 1µg/ml for 10 min, as described in (HONMA et al. 2006 ). Cells were visualized with an Olympus fluorescence microscope and images were collected a Hamamatsu Orca CCD camera.
Polyribosome fractionation
Ribosomal subunits, 80S monosomes, and polyribosomes were separated on sucrose gradients as described in (FUENTES et al. 2007) . Cell lysate was prepared, clarified by centrifugation at 10,200 g for 10 min, and the A 260 was measured. Samples were normalized to A 260 of clarified lysate for loading onto gradients (15 OD 260 ). After centrifugation of gradients at 96,800 g for 4 h at 4°C, fractions (600 µl) were collected from 7-47% sucrose gradients and the A 254 was continuously monitored using a UA-5 UV/VIS detector (ISCO). After protein precipitation in 10% trichloroacetic acid, fractions were washed, subjected to SDS-PAGE and Western blot. Anti-HA antibody (Covance, Inc.) and anti-L3 antibody (gift from Jon Warner, Albert Einstein College of Medicine) were used sequentially to detect HA-tagged Yvh1 and the 60S ribosomal protein L3, respectively.
RESULTS
yvh1 is a suppressor of pma1-10
Previously, we characterized Pma1-10, a misfolded membrane protein that is properly targeted to the cell surface, but undergoes ubiquitination and rapid endocytosis for vacuolar delivery and degradation (GONG and CHANG 2001; 
The RING domain plays a critical role in Yvh1 function
Because Yvh1 is a tyrosine phosphatase with a RING variant domain at its carboxy terminus (GUAN et al. 1992; MUDA et al. 1999) , the role of catalytic phosphatase activity or the RING-like motif was tested. Fig 
Mutants in ribosomal proteins are suppressors of two pma1 mutants
A simple explanation for loss of Pma1-10 ubiquitination in the absence of Yvh1 is that
Yvh1 functions as a RING domain ubiquitin ligase. To test this hypothesis, a total membrane fraction containing ribosomes was isolated from Yvh1 + and Yvh1 -cells by centrifugation of cell lysate at 100,000 g for 1h, and the content of ubiquitinated proteins was analyzed by Western blot with anti-ubiquitin. Fig. 2C shows no significant difference in the profile of ubiquitinated proteins in wild-type and yvh1∆ cells. In vitro ubiquitination assays were performed to test this hypothesis; however, no detectable ubiquitination activity was associated with Yvh1 (R. Gardner, University of Washington, unpublished results).
Analysis of other suppressors of pma1-10 led to another proposed function for Yvh1.
Genetic screening for suppressors of temperature-sensitive pma1-10 resulted in isolation of mutants in two ribosomal proteins of the large ribosomal subunit, Rpl19a and Rpl35a. (Fig. 1B, bottom panels) .
60S ribosome assembly is defective in yvh1 cells
Because loss of Rpl19a and Rpl35a can cause suppression of pma1-10, we considered the possibility that Yvh1is involved in ribosome assembly. Previously, Yvh1 was found associated with purified 60S pre-ribosomal particles (NISSAN et al. 2002) and was also reported to interact by two-hybrid assay with the essential ribosome assembly factor Nop7 (SAKUMOTO et al. 2001) . To test whether Yvh1 plays a role in ribosome assembly, the polysome profile of yvh1∆ cells was analyzed by sucrose density gradients. By contrast with the polysome profile of YVH1 + cells, free 60S and 80S ribosomal subunits are decreased, and free 40S subunits are increased in yvh1∆ cells (Fig. 4A ). In addition, in yvh1∆ cells, there is accumulation of half-mer polysomes, apparent as shoulders on polysome peaks (asterisks , Fig. 4A ); these likely reflect initiating 40S subunits stalled on mRNAs due to either a limitation in mature functional 60S subunits or defective subunit joining (ROTENBERG et al. 1988) . Consistent with its role in 60S ribosomal subunit assembly, HA-tagged Yvh1 co-fractionate with 60S subunits, as detected by Western blot across sucrose density gradients; localization is exclusively at 60S subunits as no HAYvh1was detected sedimenting with polysomes (Fig. 4A ). Ribosomal protein L3 is shown as a marker for 60S and 80S ribosomes and polysomes ( Fig. 4A & B , lower panels).
The C-terminal RING-like domain of Yvh1 (yvh1C) plays a critical role in 60S ribosomal subunit assembly because it is sufficient to complement the defective ribosome fractionation profile of yvh1∆ cells (Fig. 4B) . By contrast, full-length Yvh1 with a single point mutation C232A in the RING variant domain cannot complement 60S assembly defects of yvh1∆ cells (Fig. 4B) . Moreover, Yvh1-C232A is no longer associated with 60S ribosomes (Fig. 4B, lower panel) .
Consistent with its importance in 60S ribosome assembly, yvh1∆ cells have a slight growth defect under normal growth conditions and a more severe growth defect in the presence of the protein synthesis inhibitor cycloheximide (not shown). Defective ribosomal assembly in yvh1∆ cells was also observed using the large ribosomal subunit reporter Rpl25-GFP (GADAL et al. 2001) . Fig. 5B shows cytoplasmic localization of the reporter in wild-type cells but nuclear accumulation, coincident with DAPI staining, in yvh1∆ cells. Thus, loss of Yvh1 results in impaired nuclear export of 60S subunits.
Pma1-10 removal from the plasma membrane is not affected by general defects in ribosome biogenesis
To determine whether stability of Pma1-10 is affected by defects in biogenesis of the small ribosomal subunit, we examined a mutant in Slx9, a nonessential assembly factor (BAX et al. 2006) , and an rps25a∆ mutant. To test whether Pma1-10 stability is affected by general defects in the 60S ribosomal subunit, an rpl24a mutant was assayed because half-mers are accumulated, and there is a decreased rate of translation (DRESIOS et al. 2000) . Fig. 6A shows the rate of Pma1-10 degradation at 37°C remains unaffected in all mutants tested. From these results, we suggest that the suppressing effect of yvh1 on pma1-10 is not the result of a general defect in ribosome function.
Recently, it has been proposed that diversity in ribosome composition, facilitated by specific ribosome assembly factors, may influence translation of specific mRNAs (KOMILI et al. 2007) . This model suggests a plausible mechanism by which loss of Yvh1 leads to increased stability of cell surface Pma1-10 via altered translation of specific mRNAs (see Discussion). To test the possibility that translation of Pma1-10 itself is specifically affected by loss of Yvh1, cells were pulse-labeled with 35 S-cysteine and methionine, and newly synthesized Pma1-10 was immunoprecipated from lysate. Fig. 6B shows that new synthesis of Pma1-10 is only slightly decreased in yvh1∆ cells by comparison with YVH1 + cells. It is possible that decreased translation of misfolded Pma1-10 in the absence of Yvh1 could result in better folding mediated by a relative increase in ER chaperone concentration.
DISCUSSION
A major finding in this work is that Yvh1 is a novel ribosome assembly factor. By polysome fractionation, we show that loss of Yvh1 results in a decrease in 60S ribosomal subunits and 80S monosomes; half-mer polysomes indicate defective or immature 60S ribosomal subunits and/or impaired assembly of 60S with 40S subunits (Fig. 4A) .
Furthermore, HA-tagged Yvh1 is co-localized with 60S ribosomal subunits in fractionation experiments (Fig. 4A ). Also consistent with a role for Yvh1 in ribosome assembly are the observations that yvh1∆ cells display impaired vegetative growth and growth inhibition in the presence of cycloheximide (Yu Liu, unpublished result). Like many ribosome mutants, yvh1∆ cells are cold sensitive (SAKUMOTO et al. 2002) .
Evidence from several previous studies support our conclusion that Yvh1 participates in 60S ribosomal subunit biogenesis. Yvh1 is associated with cytoplasmic 60S preribosomal particles (NISSAN et al. 2002) . By two-hybrid assay, Yvh1 interacts with Nop7, a ribosome assembly factor and constituent of several different pre-ribosomal particles (SAKUMOTO et al. 2001) . Another physical interaction study reports Yvh1 interaction with Tif6, Rei1, and Lsg1, all factors involved in 60S ribosome biogenesis (TARASSOV et al. 2008) .
Genes involved in ribosome biogenesis are coordinately regulated in response to environmental conditions (GASCH et al. 2000) . YVH1 has a ribosome biosynthesis regulon: microarray assays show YVH1 has common clustering behavior with ribosome biogenesis factors and the YVH1 promoter is predicted to contain the PAC consensus motif (WADE et al. 2001) . In addition, Yvh1 regulates sporulation (BEESER and COOPER 2000) which is analogous to ribosome assembly occurring during morphologic differentiation in bacteria (KARBSTEIN 2007) .
Yvh1 is important but not essential for 60S ribosome assembly as cells are viable in the absence of Yvh1. Consistent with defective 60S ribosome biogenesis in yvh1∆ cells, the large ribosomal subunit reporter Rpl25 displays nuclear accumulation (Fig. 5) . It is not clear how loss of Yvh1 leads to impaired nuclear export of 60S subunits because Yvh1 is localized to the cytosol (HUH et al. 2003) . One possible explanation is that Yvh1 assists 60S assembly by shuttling between nucleus and cytoplasm. Human Yvh1 has been shown to localize predominantly to the nucleus but is also detected in the cytosol (MUDA assembly in regulating events at the plasma membrane has previously been reported (MIYOSHI et al. 2002; ZHAO et al. 2003) . Even so, it is a challenge to reconcile involvement of Yvh1 in ribosome assembly and its role in turnover of mutant Pma1-10 from the cell surface. One possible explanation is that decreased translational fidelity in the absence of Yvh1 can cause suppression of pma1-10. However, several observations do not readily fit with this possibility: yvh1 is a suppressor of pma1-4D2E/A, but the point mutant Pma1-7 which is routed from the Golgi to the endosomal/vacuolar system for degradation is unaffected by loss of Yvh1 . Although absence of Yvh1 suppresses temperature-sensitive growth and several other pma1-10 phenotypes, slow export of Pma1-10 out of the ER is not reversed . Together, these results suggest that a decrease in translational fidelity is unlikely the mechanism of yvh1-mediated suppression of pma1-10. Furthermore, it seems unlikely that a changed rate of translation in yvh1∆ cells promotes Pma1-10 stability as slowed translation upon loss of Rpl24a (DRESIOS et al. 2000 ) has no effect (Fig. 6A) .
Recent findings suggest a plausible model to account for pma1-10 suppression by loss of the ribosome assembly factor, Yvh1. Komili et al. have noted that different ribosomal proteins have different assembly requirements, and observed using transcriptional profiling that loss of specific ribosomal proteins affects discrete functional categories of genes (KOMILI et al. 2007 ). These observations, together with previous reports pointing to heterogeneity in ribosome composition (MAZUMDER et al. 2003; SELKER et al. 1985) , suggest possible functional heterogeneity. Most recently, a study of yeast lifespan has reported a role for the nutrient-responsive transcription factor Gcn4 in promoting longevity; strikingly, the large 60S ribosomal subunit participates in this process as Gcn4 translation becomes increased to varying degrees upon depletion of 60S ribosomal subunits or deletion of different 60S ribosomal proteins (STEFFEN et al. 2008) . Together, such observations support the hypothesis that ribosome composition, including posttranslational modifications of ribosomal proteins, and different forms and modifications of rRNA, may influence translation of different mRNAs. If such a model is correct, it is possible that loss of the assembly factor Yvh1 or loss of specific ribosomal proteins, Rpl19a and Rpl35a, may affect ribosome composition and translation of specific mRNAs to affect Pma1-10 behavior at the plasma membrane. [An rpl35a mutant was also isolated as a suppressor of a sec63 mutant, defective in protein translocation into the ER (NG and WALTER 1996) ]. Also, we cannot exclude the possibility that the pma1-10 suppressors may act by reducing 60S subunits. In this regard, it is of interest that repression of ribosome synthesis in response to a defect in the secretory pathway is suppressed by a deficiency in 60S ribosomal subunits (although the mechanism by which this occurs is not known) (ZHAO et al. 2003 ).
The Yvh1 RING-like domain is necessary and sufficient for normal levels of 60S and 80S ribosomal subunits and polysome profiles (Fig. 4B) . Similarly, Beeser and Cooper have reported that the Yvh1 RING-like domain, not its dual-specificity phosphatase activity, is necessary to perform its role in glycogen accumulation, growth and spore maturation (BEESER and COOPER 2000) . The molecular activity provided by the RINGlike domain of Yvh1 is unclear at present. Ribosomal proteins undergo a variety of posttranslational modifications, including phosphorylation (MAZUMDER et al. 2003; NUSSPAUMER et al. 2000) and ubiquitination (PENG et al. 2003; SPENCE et al. 2000) . In several instances, ribosomal protein phosphorylation has been shown to have transcriptspecific rather than global effects on translation [see discussion in (MAZUMDER et al. 2003) ]. Yvh1 phosphatase activity has been demonstrated in vitro (GUAN et al. 1992) , and we can speculate that Yvh1 phosphatase activity may have a regulatory function in vivo that affects ribosomal assembly, and perhaps synthesis of specific proteins under certain conditions. The ubiquitin-proteasome system also participates in ribosome biogenesis (KIM et al. 2006; STAVRENA et al. 2006) . Although many ubiquitin ligases have RING finger domains (FANG et al. 2003) , there is no evidence at present for a role for Yvh1 in ubiquitination: no significant difference in the profile of ubiquitinated proteins was observed in wild-type and yvh1∆ cells (Fig. 2C) .
Ubiquitination serves as a signal for endocytosis of a number of plasma membrane proteins and it also mediates removal of mutant Pma1-10 from the plasma membrane . Interestingly, Pma1-10 ubiquitination is reversed when endocytosis is blocked . Loss of Pma1-10 ubiquitination in yvh1∆ cells may reflect impaired detection by a quality control mechanism, and/or enhanced stabilizing interactions at the plasma membrane. Loss of ubiquitination is not a strict prerequisite for suppression as we have isolated a high copy suppressor, Ykl077w, that promotes growth of pma1-10 cells at 37°C and partial stability of Pma1-10 without affecting its ubiquitination (Y. Liu, unpublished result) .
Although at present we cannot exclude the possibility that Yvh1 serves another independent function, we propose its role in ribosome biogenesis is important for targeting Pma1-10 for removal from the plasma membrane. An effect on ribosome biogenesis may affect a number of components in a pathway when disruption of a single component of a pathway is not sufficient to achieve suppression. Future work will focus on determining transcriptional changes in the absence of Yvh1 as a first step towards identifying possible preferred translational targets and their cellular processes promoted by the Yvh1 ribosome assembly factor. Strains were struck out on plates with synthetic complete medium at 30 and 37°C. Right panels, Pma1-10 stabilization. RPL19A + (BY4741) and rpl19a∆ cells bearing pMET3-HA-pma1-10 (pKK42) were grown to mid-log pahse in the presence of methionine (0), then shifted to methionine-free medium to de-repress mutant Pma1 synthesis (on).
Methionine was then added to repress synthesis, and cells were collected at various times of chase. Cell lysate was analyzed by Western blot with anti-HA antibody.
Autoradiograms were scanned and quantitated using NIH Image.
(B) Mutant Pma1 stabilization in rpl35a∆ cells. HA-tagged mutant Pma1-10 (left panel)
or Pma1-4D2E (right panel) were de-repressed as described in (A) in wild-type (BY4741) and rpl35a∆ cells bearing pMET25-HA-pma1-10 (pKK7) or pMET3-HA-pma1-4D2E
(pKK103). Cells were "chased" by addition of methionine. Lysate was analyzed by
Western blot with anti-HA antibody. Autoradiograms were scanned and quantitated using NIH Image. Autoradiograms were scanned and quantitated using NIH Image. 
